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Dominant mutations in superoxide dismutase cause amyotrophic lateral sclerosis (ALS), a
progressive paralytic disease characterized by loss of motor neurons. With the use of mice carrying
a deletable mutant gene, expression within motor neurons was shown to be a primary determinant
of disease onset and of an early phase of disease progression. Diminishing the mutant levels in
microglia had little effect on the early disease phase but sharply slowed later disease progression.
Onset and progression thus represent distinct disease phases defined by mutant action within
different cell types to generate non—cell-autonomous killing of motor neurons; these findings
validate therapies, including cell replacement, targeted to the non-neuronal cells.

myotrophic lateral sclerosis (ALS) is
Aan adult-onset neurodegenerative dis-

ease that selectively kills upper and
lower motor neurons. Dominant mutations in
the gene encoding the ubiquitously expressed
superoxide dismutase (SOD1) are the most
prominent known causes of inherited ALS (7).
Several hypotheses to explain motor neuron
degeneration have been proposed, including
mitochondrial dysfunction, protein aggregate
formation, excitotoxicity, axonal transport mal-
function, mutant-derived oxidative damage, lack
of growth factors, and inflammation (2). Ubig-
uitous expression of mutant SOD1 in rodents
leads to a progressive selective degeneration of
motor neurons because of an acquired toxic
property or properties (3—5). However, the con-
tribution of damage mediated by mutant SOD1
to disease onset and progression in specific cell
types of the spinal cord is not established. Ex-
pression of mutated SOD1 selectively in either
motor neurons (6, 7) or astrocytes (8) has failed
to cause ALS-like disease in mice. Although
reducing SOD1 mutant accumulation within
motor neurons by viral-delivered small inter-
fering RNA can slow disease onset (9, 10), dis-
ease progression was not affected except in one
case in which it was accelerated (/0). Indeed,
analyses of chimeric mice composed of mix-
tures of normal and SOD1 mutant-expressing
cells have offered evidence that motor neuron
death is non-cell-autonomous, with normal
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non—motor-neuronal cells having the ability to
reduce or eliminate toxicity to mutant-expressing
motor neurons (/7).

Fig. 1. Selective Cre-
mediated gene inacti-
vation shows that mutant
SOD1 action within mo-
tor neurons is a primary
determinant of an early
disease phase. (A and B)
Mutant SOD1 levels in
motor axons of Lox-
SOD1%37R mice in the
(A) absence or (B) pres-
ence of Islet1-Cre expres-
sion. L5 ventral root
sections were stained
simultaneously with anti-
bodies to (green) human
SOD1 and (red) myelin
basic protein. Insets show
magnified images of
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To identify which cell types are damaged
by mutant SOD1 and how this damage might
influence the initiation and propagation of
the course of the disease, transgenic mice
(LoxSOD1937R) were generated that carried
a mutant human SOD1937R gene flanked at
both ends by 34-base pair LoxP sequences
allowing recognition and regulated deletion
by the Cre recombinase (fig. S1A) (/2). Mice
developed fatal progressive motor neuron dis-
ease, including progressive weight loss from
denervation-induced muscle atrophy and
paralysis that was essentially indistinguish-
able from that seen in previously described
SOD1S37R lines (5). The LoxSODI1©37R line
with highest mutant accumulation reached
end-stage disease most rapidly (between 8.5
and 11 months), which was accompanied by
the death of 55% of spinal motor neurons
(fig. S1, B to F) (/2). No human SODI1 pro-
tein was expressed in any progeny from the
LoxSOD1%37R females that also carried a trans-
gene encoding the Cre recombinase in their
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oocytes (13), demonstrating efficient in vivo  (IslICre™, 216 + 11.2 days; Isl1Cre ", 198 + 6.1
gene removal in the presence of Cre (fig. S1, days) (Fig. 1F). Progression from onset through
G and H) (12). early disease was delayed in all of the mice,
To examine the contribution to the disease  with a mean extension of 31 days (Isl1Cre*, 95
of mutant SOD1 toxicity within motor neu- days; Isl1Cre™, 64 days) (Fig. 1, G and I); there
rons, LoxSOD1937R mice were mated to mice ~ was also a more modest slowing of later
carrying a Cre-encoding sequence under disease progression, with a mean extension
control of the promoter from the Islet-1 of 15 days (Fig. 1J). Overall survival was ex-
transcription factor (/4). Cre recombinase in  tended by 64 days (IsliCre™, 357.5 + 17.2
this line is expressed in the nervous system days; Isl1Cre, 293.5 + 8.7 days) (Fig. 1H).
exclusively in progenitors of motor and dorsal Microglia are the resident immune cells of
root ganglion neurons and was sufficient to  the central nervous system and are the primary
substantially reduce mutant SOD1 accumula- mediators of neuroinflammation (/6). In the
tion in most motor axons of L5 motor roots normal adult nervous system, these cells exist
and lumbar motor neurons of presymptomatic  in a resting state and are characterized by a
Isl1-Cre*/LoxSOD1937R animals (Fig. 1, Ato  small cell body and fine ramified processes.
E, and fig. S2) (12). However, neuronal damage can rapidly activate
A simple objective measure of the earliest the release of cytotoxic and inflammatory
onset of disease was defined by the peak of mediators, including oxygen radicals, nitric ox-
the weight curve (12, 15). This age coincides ide, and cytokines, that affect neighboring
with initial axonal retraction from neuro- neurons and astrocytes (16, 17); in ALS, strong
muscular synapses but occurs before substan-  activation and proliferation of microglia occur
tial axonal degeneration or loss proximally in  in regions of motor neuron loss (I8, 19).
motor roots emerging from the spinal cord Minocycline, an antibiotic that can inhibit mi-
(Fig. 1F, inset). An early stage of disease, croglial activation (20), extends the survival of
accompanied by hindlimb weakness and SODI1 mutant mice (2/-23), as does the in-
obvious axonal degeneration (Fig. 1G, inset), hibition of cyclooxygenase 2 (COX-2) (24), a
was defined to be the period from onset un- key enzyme in prostaglandin synthesis. Both
til denervation-induced muscle atrophy de- findings have raised the possibility of direct
creased maximal weight by 10%. Reduction of  microglial involvement in ALS.
SOD1937R in motor neurons slowed disease To test the role of the SOD1 mutant acting
onset in a minority of LoxSOD1937%/[s]1Cre"  within microglia, we generated mice expressing
mice, yielding an average delay of 18 days Cre selectively in these cells using the promoter

for CD11b (25), an integrin expressed exclu-
sively in the myeloid lineage (26) (fig. S3A)
(12). Cell-type specificity of Cre expression
was verified by mating those mice to the
Rosa26 mouse line that ubiquitously expresses
a B-galactosidase (B-Gal) transgene that can be
translated into functional B-Gal only if Cre-
mediated recombination removes a premature
translation terminator (27). Peritoneal macro-
phages and microglial cells expressed B-Gal in
Rosa26/CD11b-Cre™ mice, whereas no cells of
either type expressed B-Gal in animals without
the CD11b-Cre gene (fig. S3, B and D to G)
(12). Although both neurons and astrocytes
from Rosa26 mice showed high levels of B-Gal
activity after germline Cre expression (Fig. 2B),
only small microglia-like cells expressed B-Gal
in mice with the CD11b-encoded Cre and no
B-Gal expression was detectable in neurons or
astrocytes (Fig. 2A).

CD11b-Cre expression significantly dimin-
ished SOD1937R accumulation in peritoneal
macrophages of LoxSOD1537R animals (Fig. 2,
C and D; n = 4 or 5 per group). Quantitative
real-time fluorescence polymerase chain reac-
tion (QPCR), capable of distinguishing as small
as a 20% difference in human SOD1 transgene
DNA number (fig. S3C) (/2), confirmed that
macrophages from CD11b-Cre* animals re-
tained only half of the mutant SOD1937R genes
as did the Cre™ animals (Fig. 2C; n = 4 per
group). Microglia, purified from 1-day-old
LoxSOD1S37R/CD11b-Cre* mice or their Cre~
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littermates and then cultured for 2 weeks,
showed a 25% Cre-dependent decrease in the
SOD1¢37R transgene levels (Fig. 2E). A similar
reduction in mutant SOD1 was seen in adult
microglia (Fig. 2F). Mutant SOD1 transgene
content was unchanged in purified astrocytes
(Fig. 2, G and H).

Microglial activation begins at or before dis-
ease onset in mutant SOD1 mice (21, 28, 29),
with the number of activated cells escalating dur-
ing progression, as measured with antibodies
to CD11b or Ibal (Fig. 3, A to C). No dif-
ferences in microglia (Fig. 3, D to F) or astro-
cyte (Fig. 3, G to I) activation were observed in
disease-matched LoxSODI1G37R/CD11b-Cre*
and LoxSOD1937R mice. Nevertheless, lowering
mutant SODI1 expression within microglia sig-
nificantly extended the survival of LoxSOD1%37R
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mice, with a longer mean survival of 99 days
relative to the cohort of LoxSOD1%37R littermates
(Fig. 3J). Half of the Cre-expressing cohort
survived more than 100 days past the mean
survival of LoxSOD1%37R mice, and most of this
extension was derived from slowing disease
progression after onset. Indeed, although early
disease progression was unchanged (Fig. 3K), the
progression of later disease in CD11b-Cre™ mice
was slowed by an average of 75 days (Fig. 3L).
This slowing of later disease may derive in part
from gene inactivation not just in microglia but
also in peripheral macrophages or their progeni-
tors and/or from the migration of those cells into
the central nervous system after initial damage to
motor neurons.

The potential for different mechanisms un-
derlying disease initiation and progression has
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Fig. 3. Selective gene excision shows that mutant SOD1 action within the microglial and
macrophage lineages is a primary determinant of a late phase of disease progression. (A to C)
Microglial activation in the lumbar spinal cord of a LoxSOD1%37R mouse at (B) disease onset and
(C) an early disease stage (defined as 10% weight loss) compared to (A) that in an age-matched
normal littermate. (D to F) Microglial activation in the lumbar spinal cord of (D) a normal mouse
and of disease-matched (E) LoxSOD1%37R or (F) LoxSOD1%37R/CD11b-Cre* mice, detected with
antibodies to Ibal. (G to I) Astrocytes in the lumbar spinal cord of the same mice as in (D) to (F),
detected with antibodies to glial fibrillary acidic protein (GFAP). (J) Survival times of LoxSOD1637%/
CD11b-Cret (Cre*) and littermate LoxSOD1637R (Cre”) mice. (K and L) Disease duration of
LoxSOD1637R/CD11b-Cret mice compared to LoxSOD1%37R mice for (K) an early phase or (L) a late

phase of disease.
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previously been proposed in human ALS from
observations of disease spread from an initial-
ly affected region. Our use of partial, selective
gene inactivation offers direct evidence for
mutant SOD1 damage within different cell
types to underlie an initiating phase of disease
caused by mutant SOD1 damage within motor
neurons, and a mechanistically divergent later
phase encompassing the progression to com-
plete paralysis that is linked to the inflamma-
tory response of microglia and mutant toxicity
within these cells. These findings have impor-
tant implications for the development of suc-
cessful therapies for mutant SOD1-mediated
as well as sporadic ALS. Although the mech-
anistic linkage between familial and sporadic
ALS has not been unambiguously established,
the two forms of disease are clinically in-
distinguishable, affect the same neurons, are
characterized by ubiquitinated aggregates as
hallmarks, display a loss of astrocytic gluta-
mate transporters, and are accompanied by
microgliosis and astrocytosis (2). In our study,
limiting mutant damage to microglia robustly
slowed the disease’s course, even when all
motor neurons were expressing high levels of
a SODI mutant. Thus, although the initiation
of the disease requires damage to motor neu-
rons and probably to additional cell types,
disease therapy might be successful by tar-
geting only a single non-neuronal cell type.
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An SNP Caused Loss of Seed
Shattering During Rice Domestication
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Loss of seed shattering was a key event in the domestication of major cereals. We revealed that the
gSH1 gene, a major quantitative trait locus of seed shattering in rice, encodes a BEL1-type
homeobox gene and demonstrated that a single-nucleotide polymorphism (SNP) in the 5
regulatory region of the gSHI gene caused loss of seed shattering owing to the absence of
abscission layer formation. Haplotype analysis and association analysis in various rice collections
revealed that the SNP was highly associated with shattering among japonica subspecies of rice,
implying that it was a target of artificial selection during rice domestication.

ultivation of major cereals likely started
about 10,000 years ago (/—4). During
this domestication, ancient humans

subjected several key events to selection.
These included increase in the number of
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seeds, improvement of fertility, change in
plant architecture, change in seed shape,
adaptation of flowering time to local
areas, loss of seed color, and loss of seed
shattering.
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Recent studies in rice have revealed that
several independent domestication events
might have occurred to establish cultivated
rice (3, 5—7). The archaeological record re-
veals that japonica rice, a subspecies of Oryza
sativa, was bred about 10,000 years ago in the
upstream regions of the Yangtze River in south-
west China (3, 8, 9).

The loss of seed-shattering habit is thought
to be one of the most important events in rice
domestication, because the “easy-to-shatter”
trait in wild relatives results in severe reduc-
tion in yield. Over the course of human
history, distinct grain-threshing systems have
been developed in several different eras in
local areas of the world, in accordance with the
degree of seed shattering. In current rice-
breeding programs, this seed-shattering habit
is still a target, especially in the construction of
new indica (another subspecies of O. sativa)
cultivars. Thus, seed-shattering habit is one of

Fig. 1. gSH1 is required for formation of the
abscission layer at the base of the rice grain. (A) Seed-
shattering habits of rice panicles. Photos taken after
grabbing rice panicles. (Left) Nonshattering-type
cultivar, Nipponbare. (Right) Shattering-type cultivar,
Kasalath, in which the seed has shattered. (B)
Chromosomal locations of QTLs for seed-shattering
degree, based on an F, population from a cross
between Nipponbare and Kasalath. Positions of
circles indicate positions of QTLs, and circle size
indicates the relative contribution of each QTL. Red
circles, Nipponbare alleles contributing to non-
shattering habit; blue circles, Kasalath alleles
contributing to nonshattering. gSH1 is marked on
chromosome 1 with the nearest DNA marker (C434).
(C) Non-seed-shattering habits of Nipponbare,
Kasalath, and NIL(gSH1). Breaking tensile strength
upon detachment of seeds from the pedicels by
bending and pulling was measured (20). Increase in
value indicates loss of shattering. NIL(gSH1), a nearly
isogenic line carrying a Kasalath fragment at the
GSH1 locus in the Nipponbare background, as shown
in fig. S1A. (D) Photo of a rice grain. White box
indicates position of abscission layer formation. (E to
G) Nipponbare. (H to K) Kasalath. (L to N)
NIL(@SHI). (E), (H), and (L) Longitudinal sections of
positions corresponding to white box in (D). Arrows
point to the partial abscission layer of Kasalath in
(H), the complete abscission layer of NIL(gSHI) in (L),
and the corresponding region of Nipponbare in (E).

(F), (0, and (M) Scanning electron microscope (SEM) photos of pedicel junctions after detachment of seeds. (G), (]), (K), and (N) Close-up SEM photos corresponding to
white boxes in (F), (I), and (M). (G) Broken and rough surface of Nipponbare when forcedly detached. (N) Peeled-off and smooth surface of NIL(gSHI) upon
spontaneous detachment. In Kasalath, rough center surface (K) and smooth outer surface () are observed. Scale bars: 500 pm in (E), (H), and (L); 100 pm in (F), (1),

and (M); 20 um in (G), ()), (K), and (N).
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